The effects of deposition angle on the structural and magnetic properties of e-beam evaporated Co/Pt multilayer thin films prepared on tilted substrates were examined. It was found that the ͓111͔ crystallographic orientations of the multilayer thin films were not aligned with columnar growth orientations and that they remained normal to the substrate planes, irrespective of deposition angle, even though the deposition angle was severely oblique up to 60°. Interestingly enough, the magnetic easy axis orientation was nearly aligned with the substrate normal, irrespective of deposition angle, which suggested that surface anisotropy was a major reason for the perpendicular anisotropy in Co/Pt multilayer thin films.
I. INTRODUCTION
Co-based multilayer thin films have been the subject of considerable investigation because of their novel properties and potential technological applications. In particular, the application of these materials to magneto-optic ͑MO͒ recording is of great interest today due to superior environmental stability and a larger Kerr effect at short wavelength ͑Ͻ500 nm͒ compared to the current choice for MO media-rare-earthtransition metal ͑RE-TM͒ alloy thin films. 1 In particular, Co/Pt multilayer thin films have been reported as the best choice owing to a large spin-orbit coupling. 2 The magnetic properties of Co/Pt multilayer thin films were reported to be very sensitive to preparation methods and condition, as well as to sublayer and total film thicknesses: sputtering gas 3 and pressure 4 in sputtering, and vacuum pressure and substrate temperature in evaporation. 5 In this article, we report the effects of deposition angle on the structural and magnetic properties of Co/Pt multilayer thin films.
II. EXPERIMENT
Co/Pt multilayer thin films were prepared on glass substrates by e-beam evaporation in a vacuum system maintained at about 6ϫ10 Ϫ6 Torr. To achieve oblique deposition, the substrates were mounted on tilted substrate holders making the angle of incident vapor beam 0°, 15°, 30°, 45°, and 60°with respect to each substrate normal. The multilayer structure was achieved by alternatively exposing the substrate to two sources via a rotating substrate holder. The substrate holder was placed 25 cm above the sources. The dwelling time spent by the substrate above each source could be controlled by a computer interfaced to a stepping motor which drove the substrate holder. Two sources were physically separated by stainless-steel shields to prevent the cross contamination of their fluxes. The sources were screened with a shutter driven by a stepping motor in order to prevent deposition to the substrates during rotation of the substrate holder. Typical deposition rates of 0.28 Å/s for Co and 0.25 Å/s for Pt, monitored by two corresponding quartz crystal sensors, were kept constant within a 10% fluctuation to achieve the same modulation wavelength in all samples. All samples were designed to have the same total thickness of 300 Å, consisting of a 4-Å-thick Co and 9.2-Å-thick Pt sublayer. Since a series of samples with different angles of incidence was prepared in the same run under identical conditions, possible variations of preparation conditions between different runs were eliminated.
The film structure was examined by low-and high-angle x-ray diffractometry and the growth morphology of the film was investigated by microfractography. A preferred orientation and degree of texture of the film was studied from the measurements of a rocking curve and pole figure. Magnetization was investigated using a vibrating-sample magnetometer. The magnetic anisotropy was determined from analysis of a torque curve measurement of an applied field of 10 kOe.
III. RESULTS AND DISCUSSION
All samples in this study developed low-angle x-ray diffraction peaks irrespective of the deposition angle, which suggests the existence of a multilayer structure in those samples. High-angle x-ray diffraction experiments revealed that the films were polycrystalline grown along the ͓111͔ crystallographic orientation having a d 111 spacing of 2.201 Å. Figure 1 shows the typical cross sections of the samples examined by a scanning electron microscope in order to examine the growth morphology depending on the angle of incidence. A columnar structure was observed for all samples. This columnar microstructure has been commonly observed for deposited atoms having low mobility. 6 In the initial stages of film formation a random distribution of small crystallites is created on the substrate and each crystallite acts as a nucleus for further growth. The region of the substrate behind a growing crystallite is prevented from receiving metal vapor because this region is in the shadow of the crystallite. When the rate of migration of atoms in the deposited regions to the shadowed ones is smaller than the rate of void formation via shadowing, column formation occurs during deposition. Therefore, the void region becomes larger and the columns become more tilted with an increasing angle of incidence. The relation between the columnar growth orientation ␤ and the angle of incidence ␣ is plotted for Co/Pt multilayer thin films in Fig. 2 . One can see that Co/Pt multilayer thin films generally follow the tangential rule, tan ␣ϭ2 tan ␤.
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Interestingly enough, the ͓111͔ growth orientation remains normal to the substrate plane even for the samples fabricated at large ␣'s. Figure 3 shows x-ray rocking curves along the substrate normal for ͑4 Å Co/9.2 Å Pt͒ 152 with various ␣'s. As seen in Fig. 3 , the peak becomes smaller and the full width at half-maximum widens with increasing ␣. But the peak position does not nearly change with ␣. Thus, one would imagine that the ͓111͔ growth orientation remains nearly aligned with the substrate normal, irrespective of deposition angle. This fact was also confirmed by examining x-ray pole figures. Figure 4 shows a typical ͓111͔ pole figure for the sample prepared at ␣ϭ45°. The center of the plot and the cross indicate the substrate normal and the direction of the incident vapor beam, respectively. The pole density is expressed by numerical values in the given regions and has been normalized by the average value. One can clearly see that the ͓111͔ direction lies almost along the direction of the substrate normal. A similar result was observed for the sample prepared at ␣ϭ60°. Therefore, it may be concluded that the ͓111͔ crystallographic orientation is not aligned with columnar growth orientation in evaporated Co/Pt multilayer thin films. We also measured the dependence of the saturation magnetization M s per Co volume on ␣. The M s of the film at ␣ϭ0°is 1260 emu/cc ͑87.5% of a Co bulk magnetization͒ and there is a monotonic decrease with increasing ␣. The result is believed to probably be caused by an increase of the porous region due to the enhancement of the shadowing effect for a higher ␣. Figure 5 shows the variation of the torque curve with varying ␣'s. As noted in Fig. 5 , the specific torque p becomes smaller and 0 , the angle where the torque is zero in the first quadrant of , becomes larger. To estimate the intrinsic anisotropy energy and the easy axis orientation, torque curves were analyzed by a simple model described as follows. 7 We assume that a film has a uniaxial anisotropy with a single easy axis making an angle ␦ from the substrate normal. We consider only the first-order anisotropy energy constant K u and ignore any higher order terms. Then
where K s is the shape anisotropy energy of 2M s 2 and M u is the first-order anisotropy energy constant.
In Table I , we summarize the calculated results according to Eqs. ͑1͒ and ͑2͒. A monotonic decrease of K u with increasing ␣ is believed to be closely correlated with the structural change of the sample. The K u associated with an interface is phenomenologically described as K u ϭ 2K int /t Co ϩ K V , where K int is the surface anisotropy originating from the interface per unit area. t Co is the Co thickness, and K V is the volume anisotropy consisting of the shape anisotropy, magnetocrystalline anisotropy, and magnetoelastic anisotropy. Since the texture and interface of a film become poor with increasing ␣, the magnetocrystalline and the surface anisotropies are expected to decrease with ␣. The shape anisotropy is also decreased with ␣ due to a smaller M s for a higher ␣. In Table I , it is very interesting to note that the easy axis orientation remains nearly normal even for the sample prepared at ␣ϭ60°. This is in sharp contrast in comparison to ferromagnetic single-layer films. 8 In those systems, the easy axis orientation was reported to be dependent on the direction of the incident vapor beam and thus, the growth-induced anisotropy of the columnar structures was believed to be a major source of the magnetic anisotropy. However, the fact that the easy axis orientation is insensitive to columnar growth orientation in Co/Pt multilayer thin films implicitly implies the importance of the surface anisotropy in this system.
IV. CONCLUSIONS
We have studied the effects of deposition angle on the structural and magnetic properties of e-beam evaporated Co/Pt multilayer thin films on the tilted substrates. The ͓111͔ crystallographic orientation of samples was not aligned with the columnar growth orientation and remained normal to the substrate planes, in spite of increasing deposition angle. Also, it was found from the torque curve that the magnetic easy axis orientation was nearly aligned with the substrate normal, irrespective of deposition angle. 
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